<12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 

International Bureau 

(43) International Publication Date 
12 September 2002 (12.09.2002) 




PCT 



lilllllllllllllllllllllO 

(10) International Publication Number 

WO 02/071450 A2 



(51) International Patent Classification 7 : H01L 

(21) International Application Number: PCT/US02/06494 

(22) International Filing Date: 5 March 2002 (05.03.2002) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

60/273,591 



6 March 2001 (06.03.2001) US 



(71) Applicant (for all designated States except US): EM- 
CORE CORPORATION [US/US]; 145 Belmont Drive, 
Somerset, NJ 08873-1214 (US). 

(71) Applicants and 

(72) Inventors: ELIASHEVICH, Ivan [RU/US]; 185 South 
Orange Avenue #10, South Orange, NJ 07079 (US). 
BROWN, Michael, G. [US/US]; 2928 Winding Trail 
Drive, Valerico, FL 33594 (US). 

(74) Agent: MILLET, Marcus, J.; Lerner, David, Littenberg, 
Krumholz & Mentlik, LLP, 600 South Avenue West, West- 
field, NJ 07090 (US). 



(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH, 
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG, 
SI, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, 
VN, YU, ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, 
GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent 
(BF, BJ, CF, CG, a, CM, GA, GN, GQ, GW, ML, MR, 
NE, SN, TD, TG). 

Published: 

— without international search report and to be republished 
upon receipt of that report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations " appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



(54) Title: LED LEAD FOR IMPROVED LIGHT EXTRACTION 



< 



IT) 




(57) Abstract: Light emitting diodes (LEDs) are provided with electrode and pad structures, wich result in improved light extraction 
for the LED. The LED may be foremd as a die withan upper contact surface (28) and a lower contact surface (20,22). A mesa (24) 
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LED LEAD FOR IMPROVED LIGHT EXTRACTION 
CROSS-REFERENCE TO RELATED APPLICATIONS 

The present application claims benefit of United 
States Provisional Patent Application 60/273,591, the 
5 disclosure of which is incorporated by reference herein. 
TECHNICAL FIELD 

The present invention relates to optoelectronic 
devices such as light-emitting diodes. 
BACKGROUND ART 

10 Light emitting diodes or n LEDs n include thin layers 

of semiconductor material of two opposite conductivity 
types, referred to as p-type and n-type. The layers are 
disposed in a stack, one above the other, with one or 
more layers of n-type material in one part of the stack 

15 and one or more layers of p-type material at the other 
end of the stack. For example, the various layers may 
be deposited in sequence on a substrate to form a wafer. 
The wafer is then cut apart to form individual dies, 
which constitute separate LEDs. The junction between 

20 the p-type and n-type material may include directly 
abutting p-type and n-type layers, or may include one or 
more intermediate layers which may be of any 
conductivity type or which may have no distinct 
conductivity type. In operation, electric current 

25 passing through the diode is carried principally by 
electrons in the n-type layers and by electron vacancies 
or "holes" in the p-type layers. The electrons and 
holes move in opposite directions toward the junction 
and recombine with one another at the junction. Energy 

30 released by electron-hole recombination is emitted as 
light. As used in this disclosure, the term "light" 
includes radiation in the infrared and ultraviolet 
wavelength ranges, as well as radiation in the visible 
range. The wavelength of the light depends on factors 
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_ including the composition of the semiconductor materials 
and the structure of the junction. 

Electrodes are typically connected to the n-type 
and p-type layers near the top and bottom of the stack. 
5 The materials in the electrodes are selected to provide 
low- resistance interfaces with the semiconductor 
materials. The electrodes, in turn, are provided with 
pads suitable for connection to wires or other 
conductors, which carry current from external sources. 

10 The pad associated with each electrode may be a part of 
the electrode, having the same composition and thickness 
of the electrode, or may be a distinct structure, which 
differs in thickness, composition, or both from the 
electrode itself. 

15 Some LEDs have electrodes on the bottom surface of 

the bottom semiconductor layer. For example, the 
various layers may be deposited in sequence on an 
electrically conductive substrate, and the substrate may 
be left in place on the bottom surface to act as a 

20 bottom electrode. Thus, LED's formed from AlInGaP 
typically use conductive GaAs substrates and may have an 
electrical connection to the substrate. However, LEDs 
formed from certain semiconductor materials normally use 
nonconductive substrates to promote proper formation of 

25 the semiconductor layers. The nonconductive substrate 
typically is left in place, so that an electrode cannot 
be provided on the bottom surface of the bottom layer. 
For example, gallium nitride-based materials such as 
GaN, AlGaN, InGaN and AlInGaN are used to form LEDs 

30 emitting light in various wavelength ranges including 
blue and ultraviolet. These materials typically are 
grown on insulating substrates such as sapphire. 

LEDs incorporating an insulating substrate must 
include a bottom electrode at a location on the stack 

35 above the substrate but below the junction. Typically, 
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the upper layer or layers of the stack are removed after 
formation of the stack in a region covering part of the 
area of each die, so as to provide an upwardly- facing 
lower electrode surface on a layer at or near the bottom 
5 of the stack in each die. This leaves a region referred- 
to as a "mesa" projecting upwardly from the lower 
electrode surface and covering the remaining area of the 
die. The area of the die occupied by the lower 
electrode surface does not emit light. It is typically 

10 desirable to keep the horizontal extent of this inactive 
area as small as possible. 

The top electrode typically includes a pad formed 
on the top surface of the stack, i.e., the top surface 
of the top semiconductor layer, and the pad makes ohmic 

15 contact with this top layer. Typically, the layers in 
the stack above the junction are transparent, so that 
light emitted at the junction can pass out of the stack 
through the top surface. The top electrode and pad are 
arranged so that they do not block all of the emitted 

20 light. It is desirable for the opaque top electrode and 
pad to cover only a small portion of the top surface of 
each die. However, the current passing from such an 
electrode will tend to flow downwardly through the stack 
•so that the current passes predominantly through the 

25 area of the junction disposed beneath the electrode. 
This phenomenon, referred to as "current crowding," 
results in light emission concentrated in that area of 
the junction beneath the electrode, where it will be 
blocked by the electrode and pad. The amount of useful 

30 light reaching the outside of the die per unit of 
electrical current passing through the die, commonly 
stated as the external quantum efficiency of the die, is 
reduced by this phenomenon. Current crowding is a 
significant consideration with LEDs formed from 
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materials having relatively high electrical resistivity, 
such as the gallium nitride-based materials. 

The minimum size of the top pad is limited by 
solder ball bonding technology to approximately 100 
5 microns in width or diameter. The typical width or 
diameter of the top surface of a mesa is approximately 
300 microns. The relatively large size of the bonding 
pad with respect to the top surface of the mesa 
negatively impacts the light extraction efficiency of 
10 the LED device due to reflections from absorption in the 
bonding pad metal. Therefore, there is a need to 
improve the problem of reduced light extraction beneath 
the pad. 

DISCLOSURE OF THE INVENTION 

15 The present invention addresses these needs. 

One aspect of the invention provides a light- 
emitting diode including a stacked structure. The 
stacked structure incorporates a first region of a first 
conductivity type, a second region of a second 

20 conductivity type and a light-emitting p-n junction 
between these regions. The stacked structure defines a 
lower contact surface and a mesa projecting upwardly 
from the lower contact surface. The mesa includes at 
least one generally vertical edge surface. The first 

25 type region is disposed in the mesa and includes an 
upper contact surface. 

The light emitting diode according to this aspect 
of the invention includes a first pad in contact with a 
first portion of the lower contact surface and 

30 electrically connected to the stacked structure through 
the lower contact surface. A second pad is in contact 
with a second portion of the lower contact surface. 
Preferably, the second paid is electrically isolated 
from the stacked structure at the lower contact surface. 

35 A conductive lead extends between the second pad and the 
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upper contact surface. The conductive lead preferably 
overlies a portion of the mesa, including the generally 
vertical edge surface thereof. The lead is preferably 
electrically connected to the first-type region through 
5 the upper contact surface. 

According to one aspect of the invention, the 
region of the second conductivity type defines the lower 
contact surface. Preferably, the conductive lead 
overlies only a portion of the upper contact surface. 

10 In another aspect of the invention, a dielectric layer 
is sandwiched between the conductive lead and the 
portion of the mesa covered by the conductive lead. In 
this aspect, the dielectric layer extends between the 
second pad and the lower contact surface. According to 

15 this aspect of the invention, preferably the dielectric 
layer overlies a portion of the upper contact surface 
and there is an opening through a portion of the 
dielectric layer overlying the upper contact surface to 
expose the upper contact surface. The opening allows 

20 the conductive lead to make ohmic contact with the upper 
contact surface. In a preferred aspect, a transparent 
electrode overlies and is in ohmic contact with the 
upper contact surface, the lead is connected to the 
transparent electrode at the opening. 

25 According to a highly preferred aspect of the 

invention, the opening through the dielectric layer is 
generally circular in cross section and has a diameter 
of less than about 20 microns, more preferably less than 
about 10 microns. In another preferred aspect of the 

30 invention, the opening is located adjacent the edge 
surface of the mesa. As noted above, a typical LED 
configuration involves placement of an electrode -pad 
unit on the upper contact surface of the mesa. The 
relatively large size of the pad reflects and absorbs 
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light ^generated in the ..LED .device, which decreases the 

light extraction efficiency of the device. 

According to the present invention, the conductive 
lead which establishes ohmic contact through the 
5 dielectric layer covers a much smaller area than pads 
which are typically arranged on the top of the mesa. 
Such a design substantially reduces the amount of 
material blocking light generated from the LED and will 
reduce the reflection and absorption losses. Thus, the 
10 present invention provides a light emitting diode that 
has improved light extraction. 
BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a front elevational view of an LED in 
accordance with one embodiment of the invention. 
15 Fig. 2 is a view similar to FIG. 1 but depicting an 

LED in accordance with a further embodiment of the 
invention. 

MODES FOR CARRYING OUT THE INVENTION 

Figure 1 shows an LED in accordance with one 

20 embodiment of the invention. The LED includes a stacked 
structure of semiconductor layers 10 on a substrate 12. 
The stacked structure includes semiconductor material of 
a first conductivity type in a first or upper region 14 
of the stack and material of a second, opposite 

25 conductivity type in a second or lower region 16 
adjacent substrate 12. For example, the first or upper 
region 14 may be formed from a p-type semiconductor 
whereas the second or lower region 16 may be formed from 
an n-type semiconductor. The semiconductors may be III- 

30 V semiconductors, for example, GaN materials. The term 
"gallium nitride based semiconductor n as used herein 
refers to a nitride based semiconductor including 
gallium. However, the present invention is not limited 
to a particular type of semiconductor. Other 

35 semiconductor materials, including other III-V materials 
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are within .the scope of this invention. The p-type and 
n-type conductivity may be imparted by conventional 
dopants and may also result from the inherent 
conductivity type of the particular semiconductor 
5 material. 

The stacked structure 10 includes a junction 18 
between the first and second regions. The junction is 
symbolized in Fig. 1 as a discrete layer interposed 
between regions 14 and 16. In practice, the first and 

10 second regions may abut one another so that they define 
the junction at their mutual border. Alternatively, the 
junction may include additional layer structures in the 
mutually adjacent portions of regions 14 and 16 or 
between these regions. For example, regions 14 and 16 

15 may include clad layers adjacent junction 18. The clad 
layers typically have greater band gap than the material 
constituting the junction. Thus, the junction may be a 
simple homojunction; a single heterojunction, a double 
heterojunction, a multiple quantum well or any other 

20 type of junction structure. 

Also, each of regions 14 and 16 can include any 
number of layers. Merely by way of example, the second 
or lower region may incorporate a "buffer layer" at the 
interface with substrate 12. Alternatively, a diffusion 

25 layer may be included in the first region to allow 
current to diffuse into the LED structure. The 
diffusion layer should be of the same conductivity type 
as the remainder of the first region 14. The diffusion 
layer may incorporate a highly doped contact layer at 

30 the top of the stack to aid in establishing, ohmic 
contact with a conductive lead. 

According to the present invention, the upper layer 
or layers of the stack, including the first region 14, 
the junction 18 and a portion of the second region 16, 

35 are removed after formation of the stack to provide 
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upwardly- facing lower electrode surfaces 20 and 22 on a 

layer at or near the bottom of the stack in each die. 
This leaves a mesa 24 projecting upwardly from the lower 
electrode surface and covering the remaining area of the 
5 die. The area of the die occupied by . the lower 
electrode surface does not emit light. The mesa 24 
includes at least one generally vertical edge surface 26 
and an upper contact surface 28. 

The fabrication processes used to form the stacked 

10 structure are well known. Most commonly, the various 
layers which form the stacked structure are deposited on 
the substrate in sequence by techniques such as metal 
organic chemical vapor deposition ("MOCVD") molecular 
beam epitaxy and the like. 

15 A first pad 32 is provided on a first portion 20 of 

the . lower contact surface. The first pad is 

electrically connected to the lower contact surface. 
That is, the first pad is connected to the lower contact 
surface such that current can pass between the first pad 

20 and the material of the second- type region defining the 
lower contact surface. Most preferably, the first pad 
32 itself is in ohmic contact with the lower contact 
surface. Preferably, the first pad 32 includes a metal 
that will form ohmic contact with lower contact surface 

25 20. Examples of such metals include gold (Au) and 
nickel (Ni) . Alternatively, the first pad 32 may be 
formed from a metal which does not make ohmic contact 
with the second- type semiconductor material defining the 
lower contact surface, and an electrode layer (not 

3 0 shown) formed from a metal which does make ohmic contact 
with the lower contact surface is interposed between the 
first pad 32 and the lower contact surface. 

A second pad 34 overlies a portion of the lower 
contact surface 20 , this portion being indicated at 22 

35 in the drawings. Portion 22 most typically is coplanar 

8 
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with the other portions of lower contact surface 20 , but 
this is not essential. Preferably, the second pad is 
electrically isolated from the second-type semiconductor 
material defining the lower contact surface. That is, 
5 the second pad is arranged so that there is no 
substantial current flow between the second pad and the 
semiconductor material at the lower contact surface 
during normal operation of the device. In the preferred 
embodiment illustrated, a dielectric layer 38, further 

10 discussed below, extends between the second pad 36 and 
the lower contact surface 22 . 

A conductive lead 36 is in bridging contact with 
the second pad and the upper contact surface 28 of the 
mesa 24. That is, the conductive lead is electrically 

15 connected to the second pad and to the upper contact 
surface. Preferably, the conductive lead 36 overlies at 
least a portion of the second pad 34, the generally 
vertical edge surface 26 of the mesa adjacent the second 
pad, and a portion of the upper contact surface 26 of 

20 the mesa 24. The conductive lead 36 may include a metal 
that can form an ohmic contact directly with the upper 
contact surface, such as gold or nickel. Alternatively, 
a transparent electrode 37 (as shown in FIG. 2) directly 
overlies the upper contact surface and lead 36 is 

25 connected to the electrode so that the lead is connected 
to the upper contact surface by way of the transparent 
electrode . 

Referring back to FIG. 1, in a preferred aspect of 
the invention, a dielectric layer 38 is sandwiched 

30 between the conductive lead 36 and the portions of the 
mesa 24 covered by the conductive lead 36. The 
dielectric layer 3 8 prevents ohmic contact between the 
second pad 34 and the lower contact surface and prevents 
the p-n junction 18 from being shorted by the bridging 

35 conductive lead 36. Examples of suitable dielectric 
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. ...materials for, the dielectric layer include SiO Xf SiN x , 
A1 2 0 3 , Ti0 2 , and combinations thereof. 

According to another aspect of the invention; an 
opening 40 is provided through a portion of the 
5 dielectric layer overlying the upper contact surface 28. 
Preferably, this opening is generally circular in cross 
section and has a diameter less than about 20 microns, 
more preferably, less than about 10 microns. In another 
aspect of the invention, the opening in the dielectric 

10 layer is preferably located adjacent the generally 
vertical edge surface of the mesa. As shown in Figure 
1, the opening 40 through the dielectric layer allows 
the conductive lead 3 6 to establish ohmic contact with 
the upper contact surface 28 of the mesa. It is 

15 desirable to keep the size of the opening and the area 
of conductive lead as small as possible while still 
ensuring ohmic contact with the upper contact surface. 
The opening is formed through the dielectric layer using 
standard photolithographic and etching processes known 

20 in the art. The conductive lead and opening desirably 
covers an area that is less than about 20 microns in 
width or diameter, which is significantly smaller than 
the conventional pads that are typically 100 microns in 
diameter. 

25 In an alternative arrangement, the opening in the 

dielectric layer is omitted, and an end of the lead 
extends beyond the dielectric layer and overlies the top 
contact surface. This end makes electrical contact with 
the top contact surface, or with an electrode on the top 

30 contact surface. For example, the dielectric layer may 
terminate at the edge of the top contact surface. In 
another alternate arrangement, the second pad 34 can be 
formed integrally with conductive lead 36, so that a 
portion of the conductive lead constitutes the second 

35 pad. 
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In a further alternative arrangement , all or a part 
of the dielectric layer 26 may be omitted. For example, 
where the material of the second pad 34 is selected so 
that it does not make ohmic contact with the material of 
5 lower region 16, the barrier provided by the non-ohmic 
contact as, for example, a Schottky diode formed by the 
second pad and the material of the lower contact region 
at surface 22, may prevent current flow between the 
second pad and the lower region. In this case, the 

10 dielectric layer 26 need not extend between the second 
pad and the lower contact surface. Thus, pad 34 may 
directly abut lower contact surface portion 22. 
Similarly, where a barrier is formed between the 
material of lead 36 and the material of the edge 

15 surface, the dielectric layer on the edge surface can be 
omitted. Also, the dielectric layer can be omitted in 
those cases where some current flow from the pad or lead 
into the semiconductor layers can be tolerated. For 
example, current flow from lead 3 6 into the upper layer 

20 14 can be tolerated, and the dielectric layer can be 
omitted at those portions of the edge surface bounding 
the upper layer 14 . 

In the embodiments discussed above, the lower 
contact surface portions 20 and 22, and both portions of 

25 the lower contact surface are defined by the lower 
region 16. In a variant, the portion 22 of the lower 
contact surface bearing the second pad may be defined by 
the substrate. Thus, the material of the lower region 16 
may be etched away in this area. If the substrate is 

30 dielectric, no dielectric layer need be provided between 
the second pad and this portion of the lower contact 
surface. 

Conversely, the dielectric layer 26 can be extended 
over other regions of the semiconductor structure so 
35 that the dielectric layer serves as a passivation layer 
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and protects the' structure from physical damage or 
contamination. For example, the dielectric layer may 
cover the upper contact surface 28 (Fig. 1) or the 
transparent conductive electrode 37 (Fig. 2) . In this 
5 case, the dielectric layer desirably is transparent. 

Pads 32 and 34 are connected to leads 42 and 44 
which in turn are connected to an external circuit (not 
shown) for actuating the LED. Desirably, pads 32 and 34 
are large enough to accommodate wire bonding or other 

10 conventional bonding processes used to connect the leads 
to the pads. For example, the pads may have diameters on 
the order of 75-150 microns, most typically about 90-125 
microns. Because both pads are disposed on the lower 
contact surface, and away from the upper contact surface 

15 28, the pads do not occupy any portion of the upper 
contact surface and do not block light passing out of 
the structure through the upper contact surface 28 or 
through transparent electrode 37. Although some portion 
of the upper contact surface or electrode surface is 

20 occupied by the end of lead 36, this portion can be 
considerably smaller than the area of the second pad. 
Thus, the preferred embodiments of the invention 
minimize the area of opaque structures on top of the 
mesa, and allow a greater proportion of the light 

25 generated within the structure to exit through the to£> 
of the die. Stated another way, by avoiding the need 
for a second pad on top of the die, preferred 
embodiments of the present invention enhance the 
external quantum efficiency of the die. 

30 It should be appreciated that the figures are not 

drawn to scale. In particular, the thicknesses of the 
various layers have been greatly exaggerated for clarity 
of illustration. Typically, the entire stack is on the 
order of five microns thick. The horizontal dimensions 

35 of the die, such as the overall die width W and die 
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length L . are _pn the order of a few hundred microns as, 
for example, about 200-700 microns. The die is 
typically rectangular or, most preferably, square with 
equal width and length. Although the preferred 
5 embodiments have been described above with reference to 
particular semiconductor materials, it will be 
appreciated that the invention can be applied with dies 
formed from other semiconductor materials as well. 
Also, the conductivity types can be reversed, so that in 
10 some cases the first or upper region can be formed from 
n-type semiconductor material whereas the second or 
lower region may be formed from p-type semiconductor 
materials. 

As these and other variations and combinations of 
15 the features discussed above can be utilized without 
departing from the present invention, the foregoing 
description of the preferred embodiments should be taken 
by way of illustration rather than by way of limitation 
of the invention as defined by the claims. 

20 
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.CLAIMS: 

1. A light-emitting diode comprising: 

(a) a stacked structure including a 
first region of a first conductivity type and a second 

5 region of a second conductivity type and a light- 
emitting p-n junction between said regions, said stacked 
structure defining a lower contact surface and a mesa 
projecting upwardly from said lower contact surface, 
said mesa including at least one generally vertical edge 
10 surface, said first-type region being disposed in mesa 
and including an upper contact surface; 

(b) a first pad overlying a first 
portion of the lower contact surface and electrically 
connected to the stacked structure through said lower 

15 contact surface; 

(c) a second pad overlying a second 
portion of the lower contact surface but electrically 
isolated from the stacked structure at said lower 
contact surface; and 

20 (d) a conductive lead extending between 

the second pad and the upper contact surface, the 
conductive lead overlying a portion of the mesa 
including the edge surface thereof, the lead being 
electrically connected to the first-type region through 

25 said upper contact surface. 

2. The light-emitting diode of claim 1, 
wherein said region of said second conductivity type 
defines the lower contact surface. 

3. The light-emitting diode of claim 1 
3 0 wherein said first pad makes ohmic contact with said 

region of said second conductivity type at said lower 
contact surface. 

4. The light-emitting diode of claim 1, 
further comprising a dielectric layer extending between 

35 said second pad and said lower contact surface, whereby 
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said dielectric layer electrically isolates said second 
pad from said lower contact surface. 

5. The light-emitting diode of claim 1, 
wherein the conductive lead overlies only a portion of 

5 the upper contact surface. 

6. The light-emitting diode of claim 5, 
wherein said portion of the upper contact surface is of 
lesser area than said second pad. 

7. The light-emitting diode of claim 5, 
10 further including a dielectric layer disposed between 

the conductive lead and said portion of the mesa. 

8. The light-emitting diode of claim 7, 
wherein said dielectric layer extends between the second 
pad and the loweir contact surface. 

15 9. The light emitting diode of claim 7 # 

wherein said dielectric layer overlies a portion of the 
upper contact surface, the dielectric layer further 
including an opening through a portion of the dielectric 
layer overlying the upper contact surface, the lead 

20 being electrically connected to the upper contact 
surface through said opening. 

10. The light emitting diode of claim 8, 
further comprising a transparent electrode overlying 
said upper contact surface and in ohmic contact 

25 therewith, said lead being connected to said transparent 
electrode at said opening. 

11. The light-emitting diode of claim 8, 
wherein said mesa is generally in the form of a 
rectilinear solid and said top surface of said mesa is 

30 generally rectangular. 

12. The light-emitting diode of claim 11, 
wherein said opening is generally circular in cross 
section and has a diameter of less than about 20 
microns . 
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13. The light -emitting diode of claim 12, 

wherein said opening is located adjacent said edge 
surface of said mesa. 

14. The light-emitting diode of claim 12, 

5 wherein said first conductivity type is p-type and said 
second conductivity type is n-type. 
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